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A Pre-mRNA-Binding Protein
Accompanies the RNA from the Gene
through the Nuclear Pores and into Polysomes
Neus Visa, Alla T. Alzhanova-Ericsson, Xin Sun, known about their functions. Apart from their role in pre-
mRNA packaging, hnRNP proteins appear to be directlyElena Kiseleva, Birgitta BjoÈ rkroth, Tilmann Wurtz,
involved in regulation of gene expression at differentand Bertil Daneholt
levels. Some of them have been found to bind DNA andDepartment of Cell and Molecular Biology
might act as transcriptional regulators (e.g., TomonagaMedical Nobel Institute
and Levens, 1995). Others are involved in pre-mRNAKarolinska Institutet
processing: for example, human hnRNP A1 plays a roleS-17177 Stockholm
in splice-site selection both in vitro and in vivo (MayedaSweden
and Krainer, 1992; CaÂ ceres et al., 1994), and HRB98DE,
probably the closest relative of A1 in D. melanogaster,
is involved in alternative splicing as well (Shen et al.,Summary
1995). Possible roles in mRNA export and essential func-
tions in the cytoplasm have been suggested for someIn the larval salivary glands of C. tentans, it is possible
of the shuttling hnRNP proteins in mammals and insectsto visualize by electron microscopy how Balbiani ring
(PinÄ ol-Roma and Dreyfuss, 1992; Kelley, 1993; Matunis(BR) pre-mRNA associates with proteins to form pre-
et al., 1994).mRNP particles, how these particles move to and
The intracellular location of different hnRNP proteinsthrough the nuclear pore, and how the BR RNA is
was analyzed in cultured cells by immunofluorescenceengaged in the formation of giant polysomes in the
microscopy (reviewed by PinÄ ol-Roma and Dreyfuss,cytoplasm. Here, we study C. tentans hrp36, an abun-
1993). Initial observations indicated that the majordant protein in the BR particles, and establish that it
hnRNP proteins were confined to the cell nucleus, andis similar to the mammalian hnRNP A1. By immuno-
thus it was suggested that hnRNP proteins would disso-electron microscopy it is demonstrated that hrp36 is
ciate from the RNP complexes before or during nucleo-added to BR RNA concomitant with transcription, re-
cytoplasmic transport (reviewed by Dreyfuss, 1986).mains in nucleoplasmic BR particles, and is translo-
Data from early biochemical studies (e.g., Kumar andcated through the nuclear pore still associated with
Pederson 1975; Martin et al., 1980) also supported theBR RNA. It appears in the giant BR RNA±containing
view that pre-mRNA molecules are bound to a set ofpolysomes, where it remains as an abundant protein
proteins in the nucleus (hnRNP proteins) and to a differ-in spite of ongoing translation.
ent set of proteins (mRNP proteins) in the cytoplasm.
Indeed, some of the hnRNP proteins characterized so
Introduction far, such as hnRNP C1, C2, and U, seem to follow this
rule: in interphase, these proteins show a general nu-
In eukaryotic cells, nascent RNA polymerase II tran- cleoplasmic distribution and are excludedfrom the cyto-
scripts are associated with proteins to form premessen- plasm (Jones et al., 1980; Dreyfuss et al., 1984). They
ger ribonucleoprotein complexes (pre-mRNPs or het- are dispersed throughout the cell only during mitosis;
erogeneous nuclear RNPs [hnRNPs]). The pre-mRNP at the end of mitosis, they are immediately imported
complexes are the actual substrates for the posttran- again into the daughter cell nuclei (PinÄ ol-Roma and
scriptional events that will give rise to functional mRNP Dreyfuss, 1991). However, more recent reports have
complexes in the cytoplasm. Therefore, the structure shown that some other major hnRNP proteins, such as
and composition of the various RNP complexes are hnRNP A1, can exit the nucleus during interphase and
probably essential for pre-mRNA metabolism. In recent shuttle between the nucleus and the cytoplasm (PinÄ ol-
years, considerable information has been gathered on Roma and Dreyfuss, 1992). In addition, the A1 protein
the proteins that bind pre-mRNA (pre-mRNA-binding has been found in association with mRNA in the cyto-
proteins or hnRNP proteins; reviewed by Dreyfuss et plasm. Although there is no direct evidence for the pres-
al., 1993). In HeLa cells, about 20 abundant proteins ence of hnRNP A1 in exported mRNP complexes, these
designated A1 to U have been identified as the major findings strongly suggest that hnRNP A1 is bound to
constituents of the pre-mRNP complexes. Most of our exported mRNA molecules and can somehow be in-
knowledge of the pre-mRNP complexes has emerged volved in mRNA export (PinÄ ol-Roma and Dreyfuss,
from studies of vertebrate cells, but hnRNP proteins 1992).
have been found in many other organisms, including Based on thepresent knowledge of pre-mRNP metab-
plants and yeast. Many reports are available on inverte- olism, a model has been proposed in which two types
brate pre-mRNP proteins (e.g., Risau et al., 1983; Wurtz of hnRNP proteins are considered: nucleus-restricted
et al., 1990; Raychaudhuri et al., 1992; Matunis et al., hnRNP proteins and shuttling hnRNP proteins (PinÄ ol-
1992a, 1992b). In Drosophila melanogaster, at least ten Roma and Dreyfuss, 1993; Weighardt et al., 1995). Ac-
major protein groups have been identified, and some of cording to this model, the nucleus-restricted hnRNP
them are very similar to mammalian hnRNP proteins proteins are removed from the RNP complexes before
(e.g., Haynes et al., 1990; Amero et al., 1991; Matunis nucleocytoplasmic transport, whereas the shuttling pro-
et al., 1992b). teins would be exported to the cytoplasm in association
The major protein constituents of hnRNP complexes with the mRNA. Once in the cytoplasm, the shuttling
proteins would be exchanged for mRNP proteins. Thus,have been identified in several organisms, but little is
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the cytoplasmic mRNP complexes would finally be as- that cytoplasmic hrp36 is located in polysomes, which
suggests that hrp36 is a component of mRNP com-sembled on themRNA, and the shuttling hnRNP proteins
could rapidly return to the nucleus. plexes engaged in translation.
The Balbiani ring (BR) system of Chironomus (re-
viewed by Mehlin and Daneholt, 1993; Wieslander, 1994) Results
offers unique possibilities for direct studiesof thebehav-
ior of hnRNP proteins in relation to nucleocytoplasmic Isolation and Sequencing of cDNA Clones
transport. In Chironomus tentans, two puffs of excep- Encoding Hrp36
tional size, BR1 and BR2, can be easily identified in the In the present work, we used MAb 4F9 to screen a
polytene chromosomes of larval salivary glands. The randomly primed lgt11 cDNA library from salivary
75S transcripts (35±40 kb long) synthesized in BR1 and glands of C. tentans. Several 4F9-specific cDNA clones
BR2 are packed into pre-mRNP complexes, the so- were isolated and sequenced. Sequence analysis of the
called BR particles. BR particles are the largest pre- cDNA clone hrp36.1 (EMBL database accession number
mRNP complexes in the nucleoplasm of the salivary Z50856) showed that this clone contains a short 59 non-
gland cells, where they are present at high concentration translating sequence, followed by an open reading
(Daneholt, 1982). Because of their extraordinary size, BR frame (ORF) of 891 nt capable of encoding a protein of
particles can be unambiguously identified in theelectron 297 amino acid residues and a 39 nontranslating region.
microscope (EM), and their assembly, transport, and There are three in-frame initiation codons located within
disassembly can be directly visualized (Skoglund et al., 27 and 60 bases of each other. The first and the third
1983; Mehlin et al., 1992). Nascent BR RNA molecules have only one mismatch from the initiation site consen-
rapidly bind proteins to form growing RNP fibers, which sus for eukaryotic RNAs (Kozak, 1986), and either can
can be observed along the active BR genes. In the proxi- probably serve as a translation initiation site. The first,
mal part of the BR genes, the nascent BR particles 59-most AUG is preceded by three in-frame termination
are observed as RNP fibers of increasing length. As codons and is designated here as the translation initia-
transcription progresses, the distal (59) end of the fibers tion site for the deduced hrp36 protein sequence.
becomes packed into a dense globular structure of in- The protein encoded by hrp36.1 has a predicted mo-
creasing diameter (Skoglund et al., 1983). After tran- lecular mass of 32 kDa, which is somewhat lower than
scription termination, mature BR particles are released the 36 kDa deduced from SDS±polyacrylamide gel elec-
from the chromosome and can be observed in the nu- trophoresis (SDS±PAGE) mobility studies (Wurtz et al.,
clear sap as granules of about 50 nm (Skoglund et al., 1996), and contains several putative phosphorylation
1986). The BR particles are transported to the nuclear and glycosylation sites.
envelope, where they become rod shaped upon translo-
cation through the nuclear pores (Mehlin et al., 1992).
Hrp36 Is Similar to Other hnRNP ProteinsConsidering the possible involvement of hnRNP pro-
Searches of the EMBL nucleotide sequence databaseteins in many different aspects of mRNA metabolism, it
(Rice et al., 1993) and the SwissProt protein sequenceis of interest to determine during which steps of pre-
database (Bairoch and Boeckmann, 1993) revealed se-mRNA maturation or transport (or both) the individual
quence similarity of hrp36 to otherhnRNP proteins, suchhnRNP proteins interact with the pre-mRNP or mRNP
as the human hnRNP A/B and the Dm-hrp40 proteincomplexes (or both). In a recent report by Wurtz et al.
(Figure 1A). The highest similarity score was obtained(1996), some of the protein components of the BR parti-
with Dm-hrp40, the amino acid sequence of which hascles have been identified following an immunological
about 60% identity and 75% similarity to the ORF of theapproach. The availability of immunospecific probes
hrp36.1 clone. Comparison of hrp36 with human hnRNPnow permits the characterization of individual hnRNP
A1 gave identity and similarity values of 40% and 64%,proteins in a well-defined system. In the present study,
respectively.we have investigated the nucleocytoplasmic trafficking
The human hnRNP A/B and Dm-hrp40 proteins belongof one of the major hnRNP proteins in C. tentans, Ct-
to the 23RBD±Gly group of hnRNP proteins, i.e., theyhrp36 (simply designated hrp36 hereafter). The mono-
contain two RNA-binding domains, RBD1 and RBD2,clonal antibody (MAb) 4F9 against hrp36 binds to multi-
each with two most highly conserved regions, RNP-1ple loci in the polytene chromosomes of the larval
and RNP-2, and an auxiliary glycine-rich domain (Band-salivary glands, including the BR puffs (Wurtz et al.,
ziulis et al., 1989). Sequence analysis of hrp36 revealed1996). Here we have used MAb 4F9 for cloning and
the same modular structure (Figure 1). In addition, thesequencing studies and found that hrp36 is related to
RBD1 domain of hrp36 is preceded by a short region withother known hnRNP proteins, such as human hnRNP
similarity to its C-terminal glycine-rich auxiliary domainA/B and Drosophila hrp40 (Dm-hrp40). We have also
(Figure 1B). An analogous short N-terminal region withdetermined the intracellular distribution of hrp36 and
similarity to the C-terminus is also present in Dm-hrp40analyzed its presence in BR particles at different stages
(data not shown), but it seems to be absent in hnRNPof maturation and transport by immunoelectron micro-
A1 (Figure 1B).scopy (IEM). Our results provide direct evidence that
In the case of hnRNP A1, an intracellular localizationhrp36 is incorporated into nascent pre-mRNP com-
determinant that is necessary and sufficient to targetplexes and is subsequently transported through the nu-
the protein into the nucleus has recently been identifiedclear pore to the cytoplasm as a complex with mRNA.
in the glycine-rich domain of the protein (Weighardt etMoreover, we have found that most of the hrp36 protein
resides in the cytoplasm. Surprisingly, our data reveal al., 1995; Siomi and Dreyfuss, 1995). A segment with
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Figure 1. Sequence Comparison of Ct-Hrp36
with Human hnRNP A1 and Dm-Hrp40.1
(A) The complete amino acid sequences of
human hnRNP A1, Ct-hrp36, and Dm-hrp40.1
are aligned and presented using the PILEUP
and PRETTYPLOT programs. Regions with
sequence similarity are boxed. Gaps in the
alignment are shown by dashes.
(B) The amino acid sequence of Ct-hrp36 and
human hnRNP A1 were compared and plot-
ted using the COMPARE and DOTPLOT pro-
grams. Regions of significant matches are in-
dicated with diagonal lines. Protein domains
indicated by labeled boxes are drawn along
the axes of the matrix.
similar sequence can be identified in the glycine-rich C. tentans cells was identical to the one reported above
domain of hrp36 (from amino acids 272±288). Functional for salivary gland cells (data not shown).
studies will be needed to test the significance of this We followed an alternative experimental approach to
sequence in hrp36. confirm the intracellular distribution of hrp36. Taking
advantage of the unusual size of the salivary gland cells,
it was possible to isolate nuclei and cytoplasms by mi-Intracellular Distribution of Hrp36
crodissection. The presence of hrp36 in the isolatedThe intracellular localization of hrp36 in the salivary
fractions could then be analyzed by SDS±PAGE andgland cells of C. tentans was first analyzed at the light
Western blotting using MAb 4F9. This method, basedmicroscopic level. Indirect immunocytochemistry was
on the use of fixed salivary glands, minimized cross-performed on semi-thin cryosections of salivary glands
contamination artifacts and provided pure nuclear andusing MAb 4F9 and a gold-conjugated secondary anti-
cytoplasmic fractions. As illustrated in Figure 3A, twobody. The immunolabeling was visualized after silver
different strategies were devised for microisolation ofenhancement. As shown in Figures 2A and 2B, the nu-
cell compartments. In the first, termed dissection 1, purecleus of the secretory cells was intensely stained. The
cytoplasm was obtained. The whole nucleus was dis-labeling was especially strong on the BR puffs (Figure
sected out of the cell with some cytoplasmic remnants;2B), although other chromosome loci, probably small
if the nucleus was broken during dissection, the cellpuffs, were positive as well. The nucleoplasm was also
was discarded. In the second strategy, dissection 2, thestained, but the nucleoli were devoid of labeling. Label-
dissection was performed following the inner side ofing in the cytoplasm was fainter than in the nucleus, but
the nuclear envelope, and a pure nuclear fraction wasit was significant as compared with negative controls
obtained. However, in this case some nuclear material(compare Figures 2B and 2C).
remained attached to the cytoplasm. After microdissec-The intracellular distribution reported above is not
tion, the cellular fractions were processed for gel elec-exclusive of the salivary gland cells. The pattern of
nucleocytoplasmic staining in cryosections of cultured trophoresis and Western blotting. In agreement with the
Cell
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Table 1. Percentage of 4F9 Immunoreactive Material in Nuclear
and Cytoplasmic Fractions Obtained by Two Different
Dissection Methods
Method Cytoplasm (%) Nucleus (%)
Dissection 1 85 15
Dissection 2 96 4
In each case, nucleus and cytoplasm were dissected from 30 fixed
cells.
immunoblots of microdissected fractions. Serially di-
luted total crude extracts were processed in parallel and
used as a standard for quantitative purposes (Figure
3B, lanes 1±5). As shown in Figure 3C, the density of
labeling in the blots was directly proportional to theFigure 2. Distribution of Hrp36 in Salivary Gland Cells of C. tentans
amount of 4F9 immunoreactive material contained in
(A) Immunocytochemical staining of salivary gland sections with
the sample (correlation coefficient, r 5 0.99). Therefore,MAb 4F9. Note the intensely stained nuclei (NUC) and the faint
the immunoblot assay could be used for quantitativelabeling in the cytoplasm (CYT). The gland lumen (LUM) is virtually
studies. Following dissection 1, the density of labelingdevoid of labeling. Shown in bright field.
(B) Higher magnification showing the intranuclear distribution of in the cytoplasm accounted for 85% of the total 4F9
hrp36. The BR puffs (indicated by arrows) are intensely labeled. immunoreactive material contained in the salivary gland
Shown in bright field. cells (Table 1). It should be pointed out that the true
(C) and (C9) show negative control in bright field and phase contrast, value is probably somewhat higher, owing to the fact
respectively. Note the absence of labeling in both nucleus and cyto-
that small amounts of cytoplasmic material remainedplasm.
attached to the nuclear fraction. However, the faint cyto-Scale bars are 40 mm.
plasmic staining obtained in the immunocytochemical
assays (Figure 2) suggested that the concentration of
immunocytochemical results reported above, both nu- hrp36 in the cytoplasm is rather low, and, therefore,
clear and cytoplasmic fractions were 4F9 positive (lanes we do not think that this contamination of the nuclear
C and N in Figure 3B). Unexpectedly, labeling appeared sample could have a significant impact on the final re-
to be much stronger in the cytoplasmic fraction than in sult. Instead, the 96%value obtained for the cytoplasmic
the nucleus of the salivary gland cells. compartment when cells were processed according to
dissection 2 is likely to be heavily overestimated. Owing
Hrp36 Is an Abundant Cytoplasmic Protein to the high concentration of hrp36 in the nucleus, the
The relative amount of hrp36 in nucleus and cytoplasm nuclear fragments that remained attached to the cyto-
plasm could constitute a considerable loss of materialwas estimated by two-dimensional densitometry using
Figure 3. Relative Amount of Hrp36 in Nu-
cleus and Cytoplasm
(A) Sequence of photographs illustrating the
two dissection methods used for the isolation
of nucleus (NUC) and cytoplasm (CYT). The
microdissection is initiated at the cell surface
and progresses to the nuclear envelope.
Once the nucleus has been reached, two al-
ternative dissection strategies can be fol-
lowed. In dissection 1 (DIS-1), the cell is dis-
sected along the outer side of the nuclear
envelope. In dissection 2 (DIS-2), the nuclear
material is extracted following the inner side
of the nuclear envelope (see text for a more
detailed description). Scale bar is 40 mm.
(B) Example of Western blot used for quanti-
tation of 4F9 immunoreactive material in mi-
crodissected samples. Lanes 1±5 show seri-
ally dilutedsalivary gland extract; lanes C and
N show cytoplasmic and nuclear fractions,
respectively, obtained from 30 cells dis-
sected according to dissection 1.
(C) Western blots like the one shown in (B)
were scanned and processed for two-dimen-
sional densitometry. Serial dilutions of gland
extract (lanes 1±5 in [B]) were used as a stan-
dard for relative quantitation. The graph
shows the linear relationship between the
amount of protein in the sample and the intensity of the band in the blot. Error bars represent standard deviation values. C1, C2, N1, and N2
refer to the density values obtained for cytoplasm and nucleus following dissections 1 and 2.
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from the nuclear fraction, thus yielding an overestimated 4I and 4J), whereas other organelles, such as mitochon-
dria or Golgi, were devoid of labeling.value for the cytoplasm. In summary, it seems reason-
able to assume that the estimates from dissection 1 are The labeling on cryosections was highly specific, as
judged from the absence of gold markers in sectionscloser to actual values, i.e., 10%±15% of hrp36 resides
in the cell nucleus and 85%±90% in the cytoplasm. processed in parallel as negative controls (data not
shown).
Hrp36 Binds Nascent BR Particles
Hrp36 Is Associated with Cytoplasmicon the Chromosome
mRNP Complexes Engaged in TranslationThe presence of hrp36 in BR particles was analyzed by
The preferential localization of gold markers on roughIEM on thin cryosections of fixed salivary glands. In
endoplasmic reticulum strongly suggested that at leastspite of the mild fixation required for immunochemical
some of the cytoplasmic hrp36 molecules resided inpurposes, the general morphology of the salivary gland
RNP complexes engaged in translation. To analyze thiscells in cryosections (Figure 4A) was not essentially dif-
possibility further, we fractionated cytoplasmic extractsferent from that observed in plastic sections following
from cultured C. tentans cells by ultracentrifugation inconventional techniques. The BRs, containing large
sucrose gradient and analyzed the various fractions bytranscription loops decorated by numerous growing
SDS±PAGE and Western blotting.RNP particles, could be easily identified. After optimiza-
The profile of typical sucrose gradients is presentedtion of the relevant parameters (fixation conditions, cryo-
in Figure 5 (left). Polysomes are broadly distributed inprotection, and polyvinyl alcohol embedding), the
the bottom part of the gradient. The polysomal naturecryoultramicrotomy technique provided a sufficient de-
of this rapidly sedimenting material was confirmed bygree of morphological and antigenic preservation so
its sensitivity to EDTA: when the cytoplasmic extractsthat BR particles at different stages of maturation and
were treatedwith 20 mM EDTA, which is known to disso-nucleocytoplasmic transport could be visualized after
ciate polysomes, the radioactivity was shifted from theimmunogold labeling.
polysome region toward the top of the gradient (FigureAs expected from previous data, numerous gold parti-
5, right).cles were observed in the BRs (Figure 4B). Immunolabe-
After sucrose gradient sedimentation, the fractionsling was often associated with nascent fibrillar material,
were analyzed by SDS±PAGE and Western blotting.and in some cases the globular portions of the growing
When preliminary experiments were carried out in theBR particles were labeled as well (see arrow in Figure
absence of any cross-linking treatment, hrp36 was col-4B). Mature BR particles in the nucleoplasm were also
lected at the top of the gradient and was not detectablefound to be labeled (Figures 4C and 4D). These globular
in the polysome region of the gradient (data not shown).particles are known to be mature BR RNP complexes
However, when cells were submitted to in vivoultravioletreleased from the chromosome and probably in transit
(UV) cross-linking, a band of the expected size wasfrom the site of synthesis to the nuclear envelope. It
obtained in the Western blots of polysome fractionsshould be noted, however, that not all BR particles in a
(Figure 5, left). To verify the polysomal nature of the 4F9given section were found to be labeled. Although we
immunoreactive material, we included two controls incannot exclude the possibility that the absence of label-
the experiment that indicated that the presence of hrp36ing in some particles is due to the existence of different
in the polysome fractions was dependent on the stabilitysubpopulations of BR particles, we favor the alternative
of polysomes. First, hrp36 could no longer be detectedthat the reduction of immunoreactivity is caused by the
in the polysome region of the gradient when EDTA wasfixation treatment, which is mandatory for proper mor-
added to the cytoplasmic extract before ultracentrifuga-phological preservation.
tion (Figure 5, right). Second, we found that the band at
36 kDa in the immunoblots of polysome fractions was
also sensitive to digestion of the extract with RNaseHrp36 Is Exported to the Cytoplasm as a
Complex with BR RNA before ultracentrifugation (data not shown). Thus, the
cross-linking experiments demonstrated that hrp36 isBy using IEM we could analyze the presence of hrp36
in BR particles in transit through the nuclear pores. As associated with polysomes but, owing to the low effi-
ciency of the cross-linking, the experiments only pro-illustrated in Figures 4E±4G, translocating BR particles
were also labeled by the anti-hrp36 antibody. Remark- vided a minimum value of polysome-bound hrp36.
The experiments described above demonstrated theably, gold markers were not only associated with the
nuclear portion of the particle in transit, but labeling was existence of 4F9 immunoreactive material in polysomes
of C. tentans cells. It is not likely that this result couldoften observed all along the extended RNP fibers.
Significant labeling was also found in the cytoplasm be due to nascent hrp36 polypeptide. Indeed, nascent
polypeptide chains would probably generate a moreof the salivary gland cells (Figure 4H). BR particles can-
not be identified in the cytoplasm because they remain diffuse signal than the discrete band observed in the
Western blots. Nevertheless, to rule out this possibilityunfolded after translocation through the nuclear pores.
Therefore, we could not determine in situ whether the completely, we used IEM to analyze the presence of
hrp36 in giant translation units isolated from C. tentansgold markers in the cytoplasm were associated with
RNP complexes or with free hrp36. It is worth men- salivary glands (Figure 6). The giant polysomes of the
salivary gland cells are known to contain BR mRNA andtioning, however, that cytoplasmic labeling was often
associated with rough endoplasmic reticulum (Figures have been previously characterized at the EM level as
Cell
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Figure 4. IEM Localization of Hrp36 in BR Particles at Different Stages of Maturation and Nucleocytoplasmic Transport
(A) General view of a typical salivary gland cell in thin cryosection prepared as described in Experimental Procedures. The BRs have been
outlined; nucleoplasm (NP), nuclear envelope (NE), and cytoplasm (CYT) are indicated.
(B) At higher magnification, growing BR RNP particles can be identified in the chromosome. Immunogold labeling can be observed on the
nascent RNP fibers using MAb 4F9. In some cases, the globular portions of the growing BR particles are labeled (indicated by arrow).
(C and D) Mature BR particles in the nucleoplasm labeled with MAb 4F9. The BR particle in (D) is located close to the nuclear envelope (NE).
(E±G) Partially unfolded BR particles during translocation through the nuclear pore. The nucleus (NUC) is at the top and the cytoplasm (CYT)
at the bottom part of the images. Schematic interpretations of the BR particles shown in (C)±(G) are given under the micrographs.
(H) IEM labeling in the cytoplasm of the salivary gland cells. RER, rough endoplasmic reticulum; G, Golgi complex.
(I and J) Details showing the association of labeling with the tubular RER characteristic of the salivary gland cells.
The size of gold markers is 5 nm in all cases except in (G), where it is 10 nm. Scale bars are 3 mm in (A) and 100 nm in the other panels.
giant translation units containing an average of 79 ribo- by gentle pipeting, and the cell contents were spread
on EM grids as described in Experimental Procedures.somes (Daneholt et al., 1977; Francke et al., 1982; Kisel-
eva, 1989). For IEM, the salivary glands were disrupted The immunolabeling was then carried out on the spread
Transport of a Pre-mRNA-Binding Protein
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Figure 5. Detection of Hrp36 in Polysome Fractions after In Vivo UV
Cross-Linking, Sucrose Gradient Sedimentation, and Western Blot
Analysis
C. tentans cultured cells were grown in the presence of [3H]uridine
and irradiated with UV light as detailed in Experimental Procedures.
A cytoplasmic extract was prepared and split into two equal por-
tions. One of them was directly loaded onto a sucrose gradient
(nontreated extract). The other was supplemented with EDTA to
disrupt polysomes before the centrifugation (EDTA-treated extract).
The gradients were fractionated, and aliquots from selected frac-
tions were used for radioactivity measurements. The profiles of the
two gradients are shown in the top part of the figure. The rest of Figure 6. Localization of Hrp36 in Surface-Spread Giant Polysomes
the material in the fractions was precipitated and used for Western using IEM
blot analysis using MAb 4F9 (bottom). The numbers on top of each
(A±C) Three examples of giant salivary gland polysomes immunola-lane indicate fraction numbers in the two gradients (note that the
beled with MAb 4F9 as described in Experimental Procedures.fractions were pooled in groups of three). m, monosomes; p, poly-
(D) No significant labeling is observed in negative controls.somes.
Size of gold markers is 10 nm. Scale bar is 250 nm.
material using MAb 4F9. Owing to the mild fixation con-
ditions required to preserve 4F9 immunoreactivity, the
stay in the RNP complex during nucleocytoplasmic
morphology obtained was poorer than that achieved in
transport, and remain in the mRNP complex after as-
previous structural studies (e.g., Kiseleva, 1989). More-
sembly of the polyribosome on the mRNA. Potentially,
over, in our polysome preparations the nascent chains
these ubiquitous proteins can play multiple roles in theare not visible, because the specimens were not shad-
different cell compartments, and they can couple to-owed but stained with uranyl acetate to visualize better
gether different steps of pre-mRNA metabolism. Hrp36the immunogold markers. In spite of these technical
is one such ubiquitous protein, butwe suggest that otherlimitations, the giant polysomes could be unambigu-
proteins do exist with similar properties. The analysis ofously identified under the EM and were found to be
the primary sequence of hrp36 reveals that this proteinsignificantly labeled. Some examples of the results ob-
has a bipartite structure with two RNA-binding domainstained are shown in Figures 6A±6C. No preferential label-
in the N-terminal half of the molecule and a C-terminaling of particular segments along the RNP axis was de-
half rich in glycine residues. Many other hnRNP proteinstected. Instead, the gold markers appeared to be evenly
in both vertebrate and invertebrate organisms show thedistributed along the polysomes. Samples processed
same type of modular organization (for reviews see Bia-as negative controls were not significantly labeled (Fig-
monti and Riva, 1994; Burd and Dreyfuss, 1994), andure 6D).
they all share some degree of similarity with hrp36,In summary, the results from three different experi-
hnRNP A1 being the closest human protein found in themental approaches (IEM on cryosections, Western blot
databases.analysis of polysomal fractions, and IEM on isolated
polysomes) show that at least a fraction of the cyto-
Intracellular Location of Hrp36plasmic hrp36 resides in polysomal mRNP complexes.
Until recently it was widely accepted that hnRNP pro-
teins were restricted to the cell nucleus (reviewed byDiscussion
PinÄ ol-Roma and Dreyfuss, 1993), but an increasing num-
ber of reports have provided evidence for the cyto-Our results point to the existence of RNA-binding pro-
teins that bind nascent pre-mRNA during transcription, plasmic location of some pre-mRNA-binding proteins in
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many organisms, e.g., Pub1 in Saccharomyces cerevis- cytoplasm as a complex with RNA. This possibility was
previously proposed by PinÄ ol-Roma and Dreyfuss (1992,iae (Anderson et al., 1993), the helix-destabilizing protein
HD40 in the brine shrimp Artemia salina (Thomas et al., 1993), who suggested that shuttling hnRNP proteins
might remain bound to mRNA and be transported to the1983), and hrp40 in D. melanogaster (Matunis et al.,
1994). In addition, the shuttling hnRNP proteins in HeLa cytoplasm as mRNA±hnRNP complexes. In this respect,
hrp36 follows the behavior proposed for shuttlingcells seem to be transiently located in the cytoplasm
(PinÄ ol-Roma and Dreyfuss, 1992). hnRNP proteins. It is worth mentioning that in cultured
C. tentans cells, nuclear hrp36 is redistributed to theWe have analyzed the intracellular location of hrp36,
and our experiments show that this protein is not re- cytoplasm after experimental inhibition of RNA synthe-
sis and can be imported into the nucleus again if tran-stricted to the cell nucleus, but can also be detected in
the cytoplasm. We are quite confident about this result scription is restored (N. V. and B. D., unpublished data).
Taken together, these findings reveal that the intracellu-because different experimental approaches (immuno-
staining for light microscopy, IEM, and immunoblot anal- lar trafficking of hrp36 in C. tentans is very similar to
the trafficking of shuttling hnRNP proteins in vertebrateysis of microisolated cell fractions) have led to the same
conclusion. It is obvious from the pattern of immuno- cells.
staining observed at the light microscopic level that the
nucleus is more intensely stained than the cytoplasm,
The Hrp36 Protein in Polysomeswhich suggests that the concentration of hrp36 is higher
The most unexpected finding in our study concerns thein the nucleus of the cells. However, we have demon-
cytoplasmic location of hrp36. We have shown not onlystrated through quantitative Western blot analysis that
that hrp36 is exported to the cytoplasm in associationthe bulk of hrp36 (85%) is located in the cytoplasm.
with the mRNA, but also that it appears to remain in theThese results can be easily understood considering that
RNP complex after assembly of the polyribosome onin the salivary gland cells, as in many other cell types,
themRNA. Several lines of evidence support this conclu-the nuclear volume represents only a small fraction of
sion. First, the distribution of immunogold labeling inthe total cell volume.
cryosections of salivary glands reveals that cytoplasmicThe examples mentioned above show that the cyto-
hrp36 is preferentially associated with rough endoplas-plasmic location of pre-mRNA-binding proteins is not a
mic reticulum. Second, hrp36 can be cross-linked torare event. Moreover, by semi-quantitative immunoblot
polysomes in vivo by UV irradiation. Third, hrp36 cananalysis we have shown that at least one of the hnRNP
be directly visualized by IEM in surface-spread giantproteins, hrp36, is in fact an abundant cytoplasmic
polysomes from salivary gland cells, which rules outprotein.
the possibility that the hrp36 molecules detected on
polysomes could be nascent hrp36 polypeptides.
The observation that hrp36 is mainly associated withAssembly and Nucleocytoplasmic Transport
of BR Pre-mRNP Particles the endoplasmic reticulum could simply reflect the dis-
tribution of the polysomes in the salivary gland cells, asWe have used IEM to analyze the presence of hrp36
in pre-mRNP particles in different cell compartments, the synthesis of secretory proteins constitutes more that
80% of the total protein synthesis (Doyle and Laufer,implying that different stages of synthesis and pro-
cessing can be investigated. Following this approach, 1969). However, it remains to be demonstrated directly
whether not only membrane-bound but also free poly-we have shown that hrp36 can be recorded at the sites
of BR RNA synthesis. Also, we have detected hrp36 somes harbor hrp36.
The hrp36 protein is distributed along the entire BRin mature BRparticles located in the nucleoplasm, which
indicates that hrp36 remains in the RNP complex mRNA molecule in the polysomes, implying that it is
associated with the long coding region of the BR mRNAafter transcription termination. These findings are in
agreement with a previous report (Wurtz et al., 1996) (more than 30 kb) and perhaps also with the 59 and 39
untranslated regions. Its distribution in polysomesabout the presence of hrp36 in the basic structural con-
stituent (7 nm fiber) of the BR particles (LoÈ nnroth et would then be analogous to that in the nuclear BR pre-
mRNP particle (E. K. and B. D., unpublished data), sug-al., 1992). Our observations from in situ studies further
strengthen the conclusions obtained by Wurtz et al. gesting that most, and perhaps all, hrp36 remains asso-
ciated with BR RNA when the RNA passes through the(1996) that hrp36 is one of the major protein components
of the BR particles. nuclear pore and enters polysomes. This view is sup-
ported by the fact that the distribution of hrp36 betweenEM tomography studies on the nucleocytoplasmic
transport of BR particles demonstrated that the BR nucleus and cytoplasm (85%±90% in the cytoplasm)
roughly parallels that of BR RNA sequences (95% inRNAs are exported to the cytoplasm in the form of an
RNP complex (Mehlin et al., 1992). From this observation the cytoplasm; EdstroÈ m et al., 1978), by far the most
abundant mRNA species in the salivary gland cells (Caseit follows that some of the proteins that bind BR RNA
in the nucleus do remain associated with the exported and Daneholt, 1978).
We have demonstrated that hrp36 is associated with,mRNA. We have now detected the presence of hrp36
in BR particles in transit through the nuclear pores, and but not firmly bound to, the polysomes. The hrp36 pro-
tein could be detected by IEM on giant polysomes re-thus we have identified one of the protein components
of the translocating BR RNP complexes. This finding leased by mild procedures (gentle and rapid lysis of the
cells in low salt buffer). However, UV cross-linking inconstitutes direct evidence that some pre-mRNA-bind-
ing proteins, in this case hrp36, can be exported to the vivo was needed to detect the presence of hrp36 in
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polysomes prepared according to harsher methods (ex- the primary packing of the pre-mRNA in the nucleus.
An example of a close coupling between transcriptiontraction in the presence of detergents, followed by ultra-
centrifugation through sucrose gradients). It has been and translational regulation mediated byan mRNA-bind-
ing protein (FRGY2) has been described in Xenopusdemonstrated previously that there are many proteins
loosely associated with the polysomes, such as transla- oocytes (Bouvet and Wolffe, 1994). Further study will
be needed to determine whether the cotranscriptionaltion elongation factors, and that they seem to be in
a dynamic equilibrium with free cytoplasmic proteins packing of BR pre-mRNA with hrp36 could influence,
stimulate, or repress the subsequent translation of the(Greenberg, 1981; Minikh and Ovchinnikov, 1985). Ow-
ing to the relatively low affinity of these proteins for the message in the cytoplasm.
mRNA, their concentration would be locally increased
Experimental Proceduresaround the polysomes, but they would not form stable
complexes, which would probably interfere with protein
Culturing Conditionssynthesis (for discussion see Spirin and Ajtkhozhin,
C. tentans was cultured as described by Lezzi et al. (1981). Salivary1985).
glands were isolated from fourth instar larvae. C. tentans tissue
We conclude that hrp36 accompanies BR mRNA into culture cells were cultivated at 248C as previously described (Wyss,
polysomes and that it remains associated with the cod- 1982).
ing part of the message, perhaps the entire mRNA mole-
Solutionscule. It is loosely bound to the polysomes, which could
Solutions used are as follows: phosphate-buffered saline (PBS), 137enable it to function during ongoing translation.
mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 2 mM NaH2PO4 (pH 7.2); PBSG,
PBS containing 100 mM glycine; TKM buffer, 100 mM KCl, 1 mM
MgCl2, 10 mM triethanolamine±HCl (pH 7.0); polysome extractionFunctional Consequences of the Packing buffer (PEB), TKM containing 0.5% Tween 80, 0.5% Na-deoxycho-
of BR Pre-mRNA with Hrp36 late, 0.5% b-mercaptoethanol, 250 mg/ml tRNA, and 50 mg/ml PMSF.
Being an abudant hnRNP, hrp36 is likely to be involved
in packing BR pre-mRNA into the ubiquitous elementary Antibodies
Mouse MAb 4F9 against hrp36 was obtained and characterized byRNP fiber (e.g., Beyer and Osheim, 1990; LoÈ nnroth et
Wurtz et al. (1996). The antibody was affinity purified using Staphylo-al., 1992; Dreyfuss et al., 1993). It is now well established
coccus protein G according to standard protocols, and the purifiedthat hnRNP proteins show sequence preference in their
antibody was stored at approximately 2 mg/ml. A mouse anti-human
interactions with pre-mRNA (Dreyfuss et al., 1993), and von Willebrand factor MAb (DAKO), which does not cross-react with
in vivo a given pre-mRNP complex seems to contain a C. tentans proteins, served as negative control. Alkaline phospha-
characteristic subset of hnRNP proteins (Matunis et al., tase±conjugated antibodies against mouseimmunoglobulins (DAKO
or Promega) were used for Western blotting and library screenings,1993; Wurtz et al., 1996) and most likely also attains a
and peroxidase-conjugated antibodies against mouse immunoglob-specific three-dimensional structure (compare with the
ulins (DAKO) were used for ECL Western blotting (Amersham). Gold-well-defined, higher order structure of BR particles;
conjugated antibodies against mouse immunoglobulins (5 or 10 nm
Skoglund et al., 1986). It is therefore likely that the gold; Amersham) were used for immunocytochemistry.
hnRNP proteins are important for the future fate of the
particle. The hrp36 protein is similar to the mammalian Isolation of cDNA Clones
Affinity-purified MAb 4F9 was diluted 1:1000 to screen a randomlyhnRNP A1, and functions that have been proposed for
primed lgt11 cDNA library from salivary glands of C. tentans withA1 should also be considered for hrp36. The A1 protein
ProtoBlot Immunoscreening System (Promega) according to thehas been shown to be involved in splice-site selection
instructions of the manufacturer. Purified positive plaques were
both in vitro and in vivo (Mayeda and Krainer, 1992; used directly as a source of template DNA for PCR amplification
CaÂ ceres et al., 1994). Furthermore, it has been shown (GeneAmp PCR core reagents were obtained from Perkin Elmer
to be a shuttling protein and is, therefore, also a candi- Cetus).
date for promoting transport of mRNA from the nucleus
DNA Sequencing and Sequence Analysisto the cytoplasm (PinÄ ol-Roma and Dreyfuss, 1992).
4F9-specific cDNA clones were amplifiedby PCRwith lgt11 forwardThe appearance of hrp36 in polysomes suggests that
and reverse primers, and the amplified DNA was used as a sourceit might also function in the cytoplasm. Cytoplasmic
of template DNA for sequencing with walking primers. Nucleotide
RNA-binding proteins that regulate intracellular localiza- sequencing was carried out with the Taq DyeDeoxy Terminator Cy-
tion, translation, and mRNA stability have been identified cle Sequencing Kit (Applied Biosystems). The sequencing gel was
in polysomes, and many of them are known to interact run on a 373A automated DNA sequencer from Applied Biosystems.
Sequence analysis was performed with the University of Wisconsinwith sequence elements in the 59 or 39 untranslated
Genetic Computer Group Sequence Analysis programs, version 7.1regions (reviewed by Spirin and Ajtkhozhin, 1985; Drey-
(Devereux et al., 1984) and EGCG extensions to the Wisconsin Pack-fuss, 1986; McCarthy and Kollmus, 1995; St Johnston,
age Sequence Analysis program (P. Rice, The Sanger Centre, Cam-
1995). The hrp36 protein, however, is present along the bridge, England).
coding region of the BR RNA and perhaps along the
entire molecule, which rather suggests that it has a more Immunostaining for Light Microscopy
Dissected salivary glands were fixed for 1 hr at room temperatureglobal effect, packing or presenting messenger RNA in
in a solution of 4% formaldehyde in 0.1 M cacodylate buffer (pHa way somehow related to the translation process or its
7.2). Fixed glands were rinsed in the same buffer, infiltrated in 2.3regulation.
M sucrose, and frozen by immersion in liquid nitrogen. Semi-thinThe observation that hrp36 becomes associated with
sections (0.5 mm thick) were obtained in a Reichert Ultracut S/FC
the pre-mRNA during transcription and stays in the RNP S ultramicrotome system, picked up on a drop of 2.3 M sucrose,
complex during processing and transport suggests that and mounted on glass slides. The sections were incubated at room
temperature in the following solutions: PBSG for 5 min, 2% bovinethe cytoplasmic role of hrp36 could be dependent on
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serum albumin (BSA) in PBSG for 20 min, first antibody (either nondi- although some nuclear material remained attached to the cyto-
plasmic fraction, resulting in nuclear contamination of the cyto-luted 4F9 hybridoma supernatant or 20 mg/ml anti±von Willebrand
factor antibody) for 1 hr, PBSG three times for 5 min each, gold- plasm. Dissected nuclei and cytoplasms from 30 cells were used
for each experiment. Isolated nuclear and cytoplasmic fractionsconjugated second antibody for 1 hr, and PBSG three times for 5
min each. Antibody solutions were prepared in 0.5% BSA in PBSG. were kept at 2208C until use.
The slides were rinsed with water and silver enhanced with In-
tenSETMM (Amersham). The sections were finally dehydrated and Gel Electrophoresis and Western Blotting
mounted in Entellan (Merck). Electrophoresis of proteins in SDS±polyacrylamide gels was carried
out using the Bio-Rad minigel system. Proteins were electropho-
resed in 10% polyacrylamide gels and blotted to transfer mem-Immunocytochemistry on Ultrathin Cryosections
branes (Immobilon PVDF; Millipore) using a Trans-Blot semi-dryIEM was performed essentially according to the procedure de-
electrophoretic transfer cell (Bio-Rad). Membranes were blocked inscribed by Tokuyasu (1980). The specimens were prepared as de-
PBS containing 5% BSA (Sigma) and 5% fish skin gelatin (Sigma)scribed above for light microscopy, except that a fresh solution of
and then incubated with the first antibody solution (supernatant4% formaldehyde and 0.1% glutaraldehyde in 0.1 M cacodylate
from hybridoma culture diluted 1:100 in PBS containing 0.5% BSAbuffer (pH 7.2) was used as a fixative. Fixation was performed for
and 0.05% Tween 20) for 2 hr at room temperature. After rinses20±25 min. Ultrathin cryosections were picked up on drops of 2.3
in PBS containing 0.05% Tween 20 (three times for 5 min), theM sucrose and deposited on nickel grids coated with formvar and
membranes were incubated with the secondary antibody (1:2000carbon. The sections were incubated at room temperature in the
dilution) for 2 hr at room temperature. Alkaline phosphatase activityfollowing solutions: PBSG for at least 30 min, 10% newborn calf
was developed using the NBT/BCIP system (Promega). Two-dimen-serum in PBS for 20 min, first antibody (either nondiluted 4F9 hybrid-
sional densitometry of Western blots was performed using a Pho-oma supernatant or 20 mg/ml anti±von Willebrand factor antibody)
toscan system P-1000 (Optronics International) connected to a DECfor 1 hr, PBSG four times for 2 min, gold-conjugated secondary
3000/400 AXP computer. The blots were analyzed using the Pixieantibody (diluted 1:50 in 5% serum in PBSG) for 1 hr, and PBSG
program (developed by the Electron Microscope Tomographyfour times for 2 min. The sections were washed in distilled water,
Group at our department) in a Silicon Graphics Crimson computer.stained with 2% aqueous uranyl acetate for 5±7 min, rinsed with
Serial dilutions of salivary gland crude extracts were used as stan-distilled water, and embedded in polyvinyl alcohol. For this latter
dards for relative quantitation of hrp36 in microdissected fractions.purpose, the grids were floated on a drop of 4% polyvinyl alcohol
Measurements of standards demonstrated that there was a linear(9±10 kDa; Aldrich) containing 0.4% uranyl acetate for at least 5 min
relationship between the density of labeling and the amount of 4F9and picked up with a loop. The excess liquid was blotted onto a filter
immunoreactive material in each sample (see Figure 3C).paper, and the grids were air dried. The specimens were examined in
a Jeol 100 CX microscope at 80 kV.
UV Irradiation of Cultured Cells
UV irradiation was performed as previously described (PinÄ ol-RomaImmunocytochemistry on Spread Polysomes
et al., 1989) using a UV Stratalinker 1800 (Stratagene) equiped withFor the analysis of the distribution of hrp36 along polysomes, the
two 8 W germicidal lamps (G8T5). For irradiation, 5 ml of C. tentansMiller's spreading technique was used (Miller and Bakken, 1972).
cell culture was placed 7 cm away from the lamps in a petri dish (5Dissected salivary glands were placed for 30 s in 2% NP-40 (Sigma)
cm φ) on ice. The UV dose was approximately 3 3 104 erg/mm2.in TKM, washed with 0.1 mM borate buffer (pH 8.5, three times
for 30 s), and subsequently transferred to 0.1 mM borate buffer
containing 0.05% Joy detergent (Proctor and Gamble). The glands Extraction and Analysis of Polysomes
were carefully disrupted by gentle pipeting to release the cyto- For radioactive labeling of RNA, C. tentans tissue culture cells were
plasmic components. After 2 min incubation in Joy detergent, 10±15 grown for 2±3 days in culture medium supplemented with 20 mCi/ml
ml of solution was layered on top of 30 ml of 4% paraformaldehyde [3H]uridine (38±40 Ci/mmol; New England Nuclear). For each poly-
and 0.1 M sucrose in a microcentrifuge chamber containing carbon- some extract, cells from 1.5 ml of medium were washed with cold
coated grids at the bottom. The grids were glow discharged to TKM, suspended in 400 ml of PEB, and kept in ice for 5±7 min before
render the carbon film hydrophilic. Centrifugation was performed homogenization (six strokes in a glass-tissue grinder with a loose-
at 48C for 20 min at 20,000 3 g. After centrifugation, the grids were fitting pestle). The homogenate was centrifuged at 2000 3 g for 10
washed in 0.1 mM borate buffer and floated for 40 min at room min at 08C to pellet nuclei and cell debris. The supernatant was
temperature on drops of first antibody solution (20 mg/ml of either immediately layered on top of a 4.6 ml gradient of 15%±40% sucrose
4F9 or anti±von Willebrand factor in 0.1 mM borate buffer containing in TKM. In some control experiments, EDTA was added to 20 mM
1% BSA). The grids were then washed in 0.01% Tween 20 in 0.1 and the extract was then kept in ice for 5 min before centrifugation.
mM borate buffer (three times for 2 min) and floated on drops of In other cases, the extract was digested with 100 mg/ml RNase A
gold-conjugated secondary antibody (Amersham) diluted 1:50 in 0.1 (Boehringer Mannheim) for 15 min before centrifugation. Centrifuga-
mM borate buffer containing 0.5% BSA. The grids were rinsed in tion was performed at 130,000 3 g for 1 hr at 08C. The gradients
0.1 mM borate buffer, rinsed in water, stained in 1% uranyl acetate were collected in 18 fractions. For radioactivity measurements, 30
for 10 min, washed in water, and air dried. In some experiments, ml from selected fractions was directly added to 5 ml of liquid scintil-
the grids were rinsed in 0.4% Photo-Flo (Kodak) before drying. The lation cocktail (Ready-Safe; Beckman). For Western blot analysis,
specimens were examined and photographed in a Jeol 100 CX fractions were pooled as indicated in Figure 5 and digested with 50
microscope. mg/ml RNase A (Boehringer Mannheim) to release the cross-linked
proteins. The proteins were precipitated with TCA, washed with
acetone, and suspended in SDS±PAGE sample buffer containingMicrodissection of Salivary Gland Cells
5% b-mercaptoethanol. Gel electrophoresis and Western blottingSalivary glands were fixed in 70% ethanol for 30 min at room temper-
were carried out as described above, except that detection wasature and transferred to a mixture of ethanol:glycerol (1:1) for at
based on ECL Western blotting (Amersham).least 60 min. Fixed glands were then mounted in an oil chamber
and stored at 2208C. Microdissection was carried out under phase-
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